INTRODUCTION {#sec1-1}
============

Endophytes are microorganisms that colonize the intercellular space by establishing either a symbiotic or a mutualistic or a commensalistic or trophobiotic association with host plants.\[[@ref1][@ref2][@ref3]\] These microbes are often bacteria or fungi \[found in various plant organs such as seeds, roots, stem, leaves, flowers, and fruits\] that colonize host tissues similar to pathogen. Studies demonstrated that the endophytic association with the host contributes significantly in accelerated seedling emergence,\[[@ref4]\] enhanced plant growth,\[[@ref5][@ref6][@ref7][@ref8][@ref9][@ref10]\] improved resistance against various phytopathogens,\[[@ref11][@ref12][@ref13]\] and abiotic stresses.\[[@ref14][@ref15][@ref16]\] Some endophytes synthesize novel metabolites\[[@ref17]\] known for its antibiotic and antimicrobial activities. Owing to its potential benefits, a number of endophytes have been isolated from wide variety of plant species and from diverse environmental conditions ranging from permafrost sediments to agricultural field.

The rationale of host plant selection largely relies on promotion of growth and development of the plant under adverse conditions by endophytes. In the present study, the mangrove tree (*Rhizophora apiculata* Blume) served as a promising source for examining endophytes as its ecosystem characterized by broad range of salinity, temperature, and moisture\[[@ref18]\] is similar to lowland rice ecosystem. Further, mangrove trees have remarkable adaptation and grow abundantly in saline coastal sediment. It has been proved that the endophytic colonization has played a major role in the ecological adaptation of the host and increased their survival under adverse conditions.\[[@ref19][@ref20]\]

Nearly 200 endophytic fungal species has been reported from mangrove biome\[[@ref21]\] and the endophytic fungus *Fusarium culmorum* known to conferred salinity tolerance to several plant species including dune grass, panic grass, rice, and tomato.\[[@ref22]\] Although fungal endophytes from mangrove are well-documented, there have been limited reports on bacterial endophytes of mangrove and its application. Further, there is no concrete evidence on mangrove endophytes ability in accelerating growth of rice. Besides, all endophytes display a degree of host specificity and exhibit stronger symbiotic association with host. Majority of these microbes were often appeared as pathogen because of their inappropriate response in non-host species.\[[@ref23]\] This paper examines the compatible association of bacterial endophytes from *R. apiculata* in colonizing rice tissues and discuss the possibility of utilizing symbiotic association of EBIs to increase the fitness of rice seedlings.

MATERIALS AND METHODS {#sec1-2}
=====================

Isolation of endophytic bacteria from *R. apiculata* {#sec2-1}
----------------------------------------------------

Plant samples of *R. apiculata* (red mangrove) such as twigs and leaves were collected from the Merbok brackish river, Semeling, Kedah, Malaysia. The collected healthy samples were washed thoroughly under running tap water to remove surface adhering debris. The twigs, leaves, and petioles were cut into small pieces of about 1-2 cm length, disinfected with 70% ethanol for 30 s, and rinsed thoroughly with sterile distilled water, followed by surface sterilization with 3% sodium hypochlorite for 3 min. All the samples were plated on Luria Bertani (LB) agar medium in triplicate and incubated at 37 ± 2°C for 24 h. The colonies representing different morphologies were selected at random; and pure cultures were made by restreaking on the same medium. Pure cultures of the isolates were used to prepare glycerol stocks and stored at −80°C.

Identification of endophytes {#sec2-2}
----------------------------

Genomic DNA preparations were made from bacterial cells by heating a freshly isolated bacterial colony in 50 ml of distilled water to 100°C for 15 min; and centrifuged at 12,000 rpm for 5 min. The supernatant was transferred into a new eppendorf tube and used as DNA template. The conserved region of 16S ribosomal ribonucleic acid (rRNA) gene was amplified by using Bak11W-F (5'-AGTTTGATCMTGGCTCAG-3') and Bak-R (5'-GACTACHAGGGTATCTAAT-3') primers. Each polymerase chain reaction (PCR) was with 2.5 mM MgCl~2~, 0.16 mM dNTPs, 0.2 pM concentration of each primer, 5 μl supernatant (DNA template of respective isolate), and 0.75 U *Taq* DNA polymerase. The 16S rRNA encoding gene region amplification was carried out using an initial denaturation step of 3 min at 94°C, followed by 30 cycles of 30 s at 95°C, 30 s at 52°C, and 30 s at 72°C with a final extension step of 5 min at 72°C. PCR products were visualized in 0.8% agarose gels, and the products were excised and purified with Wizard® SV Gel and PCR clean up system by following the guidelines provided with kit. Alignment between the both strand\'s sequences was performed by using the Basic Local Alignment Search Tool (BLAST) \[bl2seq\] program available at National Center for Biotechnology Information (NCBI) to finalize the sequence of amplified 16S rRNA gene fragments. The annotated sequences of 16S rRNA encoding gene of isolates have been deposited in the GenBank/DNA Data Bank of Japan (DDBJ)/European Molecular Biology Laboratory (EMBL) nucleotide sequence database.

Rice seed treatments and germination {#sec2-3}
------------------------------------

Paddy seeds (MR220) were surface-sterilized as described by Schmidt *et al*., (2004).\[[@ref24]\] Bacterial suspensions in sterile distilled water (\~10^8^ cfu/ml) as well as cell-free broth were used for seed inoculation. The seeds treated only with sterile distilled water were used as control. The inoculated seeds (20--30 seeds) were incubated at room temperature overnight and transferred onto sterile filter papers (Whatman No. 1) in Petri dishes. The plates were incubated at room temperature (27 ± 2°C) with 12 h photoperiod. Ten days after inoculation, symbiotic association of the EBIs was analyzed by measuring the morphological parameters such as seed germination %, root and shoot length, shoot fresh and dry weight. The physiological indicators like hydrogen peroxide (H~2~O~2~) and malondialdehyde (MDA) were also estimated for the rice seedlings. Three independent experiments were carried out for all seedling assays.

Estimation of chlorophyll content {#sec2-4}
---------------------------------

Total chlorophyll content was determined for the rice seedlings by following the method described by Harbone (1984).\[[@ref25]\] Fresh leaves of about 250 mg were homogenized in 80% acetone at 4°C. The extract was centrifuged at 12,000 × g for 10 min. Absorbance of the supernatant was read at 646 and 663 nm using a spectrophotometer. The amount of chlorophyll in the leaf tissue was expressed as mg/g FW.

Determination of H~2~O~2~ content {#sec2-5}
---------------------------------

H~2~O~2~ content was determined by following the method described by Velikova *et al*., (2000).\[[@ref26]\] Leaf samples of about 500 mg were ground and homogenized in 5 ml of trichloroacetic acid (0.1%, w/v). After centrifuging the homogenate at 12,000 × g for 15 min, 0.5 ml of the aliquot was mixed with 0.5 ml of 10 mM potassium phosphate buffer (pH 7.0) and 1 ml of 1 M potassium iodide (KI). The optical density (OD) was recorded at 390 nm.

Determination of lipid peroxidation {#sec2-6}
-----------------------------------

Lipid peroxidation was determined by using the method reported by Rao and Sresty (2000).\[[@ref27]\] Leaf samples (\~500 mg) were homogenized with 2.5 ml of trichloroacetic acid (0.1%); and the homogenate was centrifuged at 10,000 × g for 10 min. One milliliter aliquot from the supernatant was taken and mixed with 4 ml of 20% trichloroacetic acid and 0.5% of thiobarbituric acid (TBA). The mixture was heated at 95°C for 30 min and then cooled in an ice bath and then centrifuged at 10,000 × g for 15 min. The absorbance was measured at 532 nm. Measurements were corrected for unspecific turbidity by subtracting the absorbance at 600 nm.

Screening of endophytic bacteria for enzymatic activity {#sec2-7}
-------------------------------------------------------

All the EBIs were individually screened for various enzymes such as amylase, lipase, protease, and cellulase by plate method.\[[@ref28][@ref29]\] All the isolates were spot inoculated on respective enzyme screening media and incubated at 28°C for 5-7 days.

Statistical analysis {#sec2-8}
--------------------

The experiment was conducted in a completely randomized block design with three replications to assess the growth promoting role of the endophytes in rice. Analysis of variance (ANOVA) was performed using Statistical Package for Social Sciences (SPSS) version 13.0. The data was presented as the mean ± SE for each treatment. Means were compared using the least significant difference (LSD) test at the 5% probability level.

RESULTS {#sec1-3}
=======

Isolation and identification of endophytes {#sec2-9}
------------------------------------------

A total of eight endophytic strains were isolated from petiole and twigs tissues of the mangroves collected from Merbok river area, Kedah, Malaysia. All the isolates (except 8MPE1) were identified by analyzing respective amplified 16S rRNA encoding gene fragment sequence BLASTN output. All seven identified isolates were from two genera, namely *Bacillus*, and *Pantoea*. The homology between blasted 16S rRNA encoding gene sequence and hits from the database was either 99 or 100% with exception of isolate, 9MPE1. The accession numbers of the deposited 16S rRNA encoding gene sequences and identity of the isolates is depicted in the [Table 1](#T1){ref-type="table"}.

###### 

Isolated and identified seven endophytic bacterial isolates (EBIs) from *Rhizophora apiculata* Blume tissue samples collected from Merbok river area, Kedah, Malaysia

![](JNSBM-5-437-g001)

Effect of EBIs on seed germination and seedling growth {#sec2-10}
------------------------------------------------------

The study was laid to investigate the influence of mangrove EBIs on non-host rice seedlings. The growth promoting activity of EBIs was determined by analyzing the parameters such as seed germination (%), root and shoot length (cm) as well as fresh and dry weights of the seedlings. Germination was stared within 48 h and complete on the 8^th^ day. The result indicated that the inoculation of mangrove EBIs has delayed the germination in both the pretreatments of rice seeds \[[Figure 1a](#F1){ref-type="fig"}\]. The delay (4.76%) was more obvious where the seeds were treated with cell free broth of 3MSE1 isolate. However, no significant differences were noticed between the treatments (*P* \< 0.05) for seed germination (%).
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The result presented in Figures [1b](#F1){ref-type="fig"} and [c](#F1){ref-type="fig"} showed that the EBIs had tremendously increased the seedling\'s root and shoot length as compared to control on the 10^th^ day after seed germination. The increase in seedling root length ranged between 36.79 and 70.39% where seeds were treated (inoculated) with cell free broth, whereas it ranged from 66.17-74.11% where seeds were treated (inoculated) with bacterial suspension. Analysis of variation had registered a significant difference (*P* \< 0.05) for the increase in root length between control and the seed treatments with EBIs. The increase in shoot length ranged from 11.79 to 40.53% where seeds were treated with cell free broth, while 26.98-44.52% where seeds were treated with bacterial suspension. A significant difference was also noticed for increased shoot length between the control and the seed treatments. The response of the non-host to mangrove endophytes can be explained clearly by examining the root to shoot length ratio. The ratios were comparatively higher in both the treatments than the control indicating that the endophytic invasion had greatly improved the root shoot balance in rice seedlings. Though, all the EBIs had improved the root and shoot length ratio, seeds treated with *B. cereus* (2 MSE1, 9MPE1, and 10 MPE1), *B. amyloliquefaciens* (3MPE1) and *B. subtilis* (3MSE1) had influenced the seedling growth to a greater extent.

The fresh and dry weight recorded for rice seedlings obtained is presented in Figure [1d](#F1){ref-type="fig"} and [e](#F1){ref-type="fig"}. The result indicated that some strains of EBIs had increased the fresh weight as compared to control. Among the strains, *B. tequilensis* (1MSE2), *B. amyloliquefaciens* (3MPE1), and *B. cereus* (9MPE1) were more influential in enhancing the fresh weight of the seedlings \[[Figure 1d](#F1){ref-type="fig"}\]. Result analyses of dry weight records suggest that there was no effect of treatments on the dry weight of the seedlings \[[Figure 1e](#F1){ref-type="fig"}\]. However, a significant difference was noticed for both fresh and dry seedling weight (*P* \< 0.05) between the control and the seed treatments.

Effect of EBIs on chlorophyll content of seedlings {#sec2-11}
--------------------------------------------------

The results presented in [Figure 2a](#F2){ref-type="fig"} clearly indicate the influence of EBIs on the functional dynamics of rice seedling growth. The result revealed that the majority of stains had significantly increased the total chlorophyll content (*P* \< 0.05). Among the treatments, seeds inoculated with bacterial suspension had recorded higher amount of chlorophyll pigments than the seeds inoculated with cell-free broth. Chlorophyll content was high in seedlings inoculated with Pantoea ananatis (1MSE1), *B. cereus* (2MSE1 and 10MPE1), *B. subtilis* (3MSE1), and an unidentified isolate (8MPE1).
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Oxidative changes in rice leaf tissue {#sec2-12}
-------------------------------------

Changes in H~2~O~2~ content are shown in [Figure 2b](#F2){ref-type="fig"}. A significant oxidative change was observed in rice seedlings obtained from treated seeds. However, seeds inoculated with EBIs suspension had more pronounced effect on the H~2~O~2~ concentration \[[Figure 2b](#F2){ref-type="fig"}\]. In general, effect was minimal in the seedlings obtained from seeds treated with cell-free broth of the EBIs. The H~2~O~2~ was relatively high in seedlings obtained from seeds inoculated with *B. cereus* (10MPE1). Lipid peroxidation levels in leaves of rice seedlings were determined, and the results are shown in [Figure 2c](#F2){ref-type="fig"}. The concentration of MDA was very low in seedlings obtained from seeds inoculated with *Bacillus tequilensis* (1MSE2) and *B. subtilis* (3MSE1). The lower levels of H~2~O~2~ and lipid peroxidation in the leaf tissue are indicatives of an enhanced protection against oxidative damage.

Enzymatic activities of isolated endophytes {#sec2-13}
-------------------------------------------

Enzymatic activities of EBIs are presented in [Table 2](#T2){ref-type="table"} has shown the presence of hydrolytic enzymes such as cellulose, amylase, lipase, and protease. All isolates of endophytic bacteria has produced positive result for amylase tests. Further, the test has shown that around 90% of the isolates were lipase and protease producers, only 4 out of 8 strain were cellulose producers.

###### 

Enzymatic activities of endophytic bacterial isolates (EBIs) isolated from mangrove tree *Rhizophora apiculata* Blume♦
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DISCUSSION {#sec1-4}
==========

Mangrove biome has unique ecological significance and harbors variety of endophytes which are known to enhance edaphic factor and ameliorate the detrimental effect of soil.\[[@ref18][@ref30]\] To exploit the potential benefit of mangrove endophytes, the present study was undertaken and eight EBIs were isolated from parts like petiole as well as twigs. The EBIs were identified using 16S rRNA encoding gene sequence homology based method, and the results revealed the predominance of *Bacillus* spp. \[[Table 1](#T1){ref-type="table"}\]. However, Gayathri *et al*., (2010) reported diverse colonies of *S. aureus*, *B. subtilis*, *E. coli*, *Vibrio parahaemolyticus*, *V. anguillarum*, and *Fusarium* spp. from Pitchavaram mangrove forest in Tamil Nadu.\[[@ref31]\] On the other hand, bacterial strains such as *B. licheniformis*, *M. chthonoplastes*, *Phyllobacterium myrsinacearum*, *V. aestuarianus*, and *V. proteolyticus* were recovered from black mangrove.\[[@ref32]\] Diverse array of heterotrophic bacteria associated with mangrove habitat also been reported by Dias *et al*., (2009) and most of them were in the order of Vibrionales, Actinomycetales, and Bacillales.\[[@ref33]\] Further, the occurrence of *Bacillus* species as endophytes reported to promote growth of host plant species such as soybean,\[[@ref34]\] pigeon pea,\[[@ref35]\] and wheat.\[[@ref36]\]

Rice itself harbors various entophytic bacteria, it has been reported that the bacteria, *P. ananatis*\[[@ref37][@ref38]\] and *B. cereus*\[[@ref39]\] are localized in rice seeds; whereas *B. subtilis*\[[@ref40]\] is prevalent in root, stem, and leaves of rice. These bacterial strains resides either in the seeds or may exist in the embryo or invade the plant through the wound of lateral roots or root tips.\[[@ref41]\]

The present study was conducted to screen the efficacy of mangrove EBIs on the non-host rice (seedlings) by inoculating the EBIs with the rice seeds under controlled condition without supplementing nutrient. The results have shown a significant increase in root and shoot length where seeds were inoculated with *B. cereus* (10MPE1), *B. amyloliquefaciens* (3MPE1), and *P. ananatis* (1MSE1). The increased seedling growth observed in the present study might be due to the production of hydrolytic enzymes by the isolates \[[Table 2](#T2){ref-type="table"}\]. This is in accordance with the earlier reports where the authors explained that the increased hydrolytic enzyme activities of the endophytes improves synergistic effect of symbionts within root and substantially improve the plant growth by increasing root length, volume, and surface.\[[@ref42][@ref43][@ref44][@ref45]\] Further, endophytic inoculums had increased fresh weight, but not the dry weight of rice seedlings. It has been reported that endophytes promotes water conservation strategies in plants.\[[@ref14]\] Difference in dry weight observed in 1MSE2 might be due to difference in the rate of development; however additional studies are needed to elucidate this mechanism on plant growth.

The increase in total chlorophyll content recorded in the study reflected the increased rate of chlorophyll synthesis which enhanced photosynthesis and resulted in better plant growth. The enhanced growth of seedling indicated that the rice had compatible interaction with EBIs used. The efficacy of endophytic bacteria in accelerating plant growth was reported by Hassen and Labuschagne (2010).\[[@ref46]\] A significant increase in tomato root length, fresh, and dry weights was observed by them when inoculated with *B. cereus*. In addition, *B. cereus* is also known to activate cellular response and inhibit the blight caused by *Phytopthora capsici* Leon and root knot disease caused by *Meloidogyne incognita*.\[[@ref47][@ref48]\] Similarly, *B. amyloliquefaciens* is a rhizobacterium reported to stimulate plant growth and suppress plant pathogen,\[[@ref49]\] whereas *P. ananatis* reported to tolerate high osmotic pressure.\[[@ref38]\] Several mechanisms have been attributed to growth promotion activities of endophytes:

Facilitating nutrient uptake through nitrogen fixation or phosphate solubilization,\[[@ref7]\]Triggering induction of systemic resistance,\[[@ref47]\]Altering phytohormone homoeostasis either by producing indole-3-acetic acid (IAA) or by decreasing ethylene level,\[[@ref4]\] andProducing hydrolytic enzymes.\[[@ref44]\]

The growth performance of the rice seedlings observed in the present study might be due to more than one of above said mechanism. However, active growth of the seedlings provides convincing evidence of the efficacy of recruitment of mangrove bacterial endophytes. Once it has been recognized by the non-host, the endophytes have to undergo specific adaptation. The compatibility of endophytes and host fitness was assessed by analyzing oxidative changes in rice leaves. H~2~O~2~ and MDA were appraised as promising criteria in determining the sensitivity of the host. Increased H~2~O~2~ and MDA level in rice leaves provided evidence for oxidative damage caused by reactive oxygen species (ROS). Previous studies indicated that the activity of antioxidant enzymes is correlated with plant tolerance.\[[@ref50][@ref51]\] The finding of Tanaka *et al*., (2006) suggested that generation of ROS negatively regulates the microbial development and inhibits excessive colonization in plant tissue.\[[@ref51]\] However, defense related induction is prominent at early stage of infestation.\[[@ref52]\] Since cell death is rarely observed in response to bacterial invasion, the results clearly demonstrated that rice plant remains metabolically balanced and confirm the fitness benefit from endophytic bacteria tested. These research findings could serve as foundation in further research to enhance the growth and development of the rice which may help in more rice production.

CONCLUSION {#sec1-5}
==========

The EBIs from mangrove interacted positively with rice seedlings which resulted in the significant increase in root and shoot length, fresh weight, and chlorophyll content. A balance in production and scavenging of ROS maintained the defense responses between non-host rice and endophytic bacteria from mangrove. Further, it has shown that different endophytic bacteria had different degrees of competitiveness. Plant growth promoting features observed under normal condition demonstrated that rice seedlings had recognized mangrove endophytic bacteria as friendly intruder. However, further studies are necessary to assess the fitness of rice seedlings under adverse condition. In addition, the EBIs need to be explored for their other potential applications.
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